Kinesins are intracellular multimeric transport motor proteins that move cellular cargo on microtubule tracks. It has been shown that the sea urchin KRP85/95 holoenzyme associates with a KAP115 non-motor protein, forming a heterotrimeric complex in vitro, called the Kinesin-II. Here we describe isolation of a cDNA clone corresponding to the klp-11 kinesin in C. elegans. Our sequence analysis of the encoded KLP-11 shows that it shares high homology with the OSM-3 kinesin. We also describe a nematode cDNA encoding KAP-1 that shares extensive homology with the sea urchin KAP115 kinesin associated protein. Sequencebased structural analysis of the OSM-3, KLP-11, and KAP-1, presented here suggests that these may form a heterotrimeric complex. We also describe the presence of a Drosophila armadillo consensus motif in CeKAP-1, first found in spKAP115, that suggests a possible role for the KAP-1 in signal transduction. Key words: C. elegans: OSM-3/KLP-ll/KAP-l; Kinesin-II; armadillo motif Kinesins are a family of microtubule-based motility proteins which mediate axonal transport in neurons, and diverse intracellular transport, such as chromosome and organelle movement in eukaryotic cells.
Kinesins are a family of microtubule-based motility proteins which mediate axonal transport in neurons, and diverse intracellular transport, such as chromosome and organelle movement in eukaryotic cells. 1 The hallmark of kinesins is a conserved motor domain connected to the tails of variable lengths and amino acid composition. 2 It is believed that the variability of the tail domain reflects the diversity of the cargo carried by the kinesins, and may also serve as sites for oligomer formation with other proteins. 3 There is now increasing evidence to suggest that the tails allow various kinesin-like proteins (KLP) to polymerize with other kinesins or with non-motor accessory proteins, 4 * 5 into different types of oligomers, such as dimers, trimers and tetramers. A major unresolved problem in this area is to explain the structure of the tail regions of different kinesins, especially the mechanism mediating the regulation and interaction of tail domains with their specific cargoes. We have begun a systematic analysis of the kinesin gene family in the nematode Caenorhabditis elegans, as the nematode is a well-characterized animal model system for molecuCommunicated by Yuji Kohara * To whom correspondence should be addressed. Dept lar and cellular analysis of development. We have earlier described more than a dozen new members of the kinesin superfamily in C. elegans? The osm-3 gene encodes a novel kinesin in C. elegans, which is expressed in a set of chemosensory neurons. 7 ' 8 OSM-3 kinesin is highly homologous to the sea urchin KRP85/95 kinesinrelated proteins, 9 and the mouse KIF3A/B kinesins that are expressed in brain. 10 To look for kinesin family members in C. elegans that may interact with the OSM-3 kinesin, we have isolated cDNA and genomic clones corresponding to the KLP-11 kinesin. The KLP-11 shows very high homology with the OSM-3 kinesin, suggesting that the OSM-3 and KLP-11 may dimerize, similar to the sea urchin KRP85 and KRP95 kinesins. This observation has prompted us to look for an accessory non-motor protein, that may interact with the OSM-3/KLP-ll dimer, to form a trimeric complex, such as the holoenzyme, kinesin-II in sea urchin, 5 where spKAP115 is known to associate with KRP85/KRP95, to form a trimeric heterocomplex. 5 Our search for the nematode ortholog of the spKAP115, was aided by the observation of Wedaman et al., 5 Fig. 2A) . In this report, we focused on the large 3.8-kb transcript, which is consistent with our cDNA sequence data. The deduced amino acid sequence, based on the genomic and cDNA sequence data, shows that the large transcript of the klp-11 gene encodes a protein (KLP-11) of 1130 amino acid residues. 12 Protein sequence homology of the C. elegans KLP-11 motor domain was searched by the BLAST program, 13 and by visual inspection. The KLP-11 motor region shows a high homology with the motor domains of sea urchin KRP95 (76% ID, 84% POS), KRP85 (54% ID, 64% POS), OSM-3 (52% ID, 60% POS), and mouse KIF3 (55% ID, 62% POS). Here ID means identical and POS means, positive change in the amino acid (data not shown). These data strongly support the notion that the C. elegans OSM-3, and KLP-11, share high structural similarity and together these are the nematode orthologs of the mouse KIF3A/B and the sea urchin KRP85/95 proteins. We have examined the charge distribution on OSM-3, and KLP-11 coiled-coil stalk regions to locate the possible sites for the dimer interaction (data not shown). Our analysis of the charge distribution suggests that the OSM-3 and KLP-11 have the potential to form dimers. Figure 1A shows the location and structure of the kap-1 gene on chromosome III near the mec-14, osm-10 region. A 2.1-kb cDNA clone was isolated from a C. elegans cDNA library in lamda-ZAPII vector, using the genomic region of the kap-1 gene as a probe (See methods for details). The kap-1 cDNA has a single open reading frame.
The genomic clone obtained from the cosmid F08F8.3, shows that the gene spans about 7 kb, encoded by 20 exons and 19 introns. We sequenced the kap-1 cDNA and found a polyA tail at the 3' end, based on our cDNA sequence data and the cosmid sequence, we found that the kap-1 gene contains 14 exons and 13 introns. Our cDNA sequence suggest that, kap-1 encodes 10 armadillo repeats. As shown in Fig. 2B , northern blotting data reveals that kap-1 cDNA encodes a single transcript of about 2.1 kb, suggesting that we have cloned a full-length v-1 cDNA.
The KAP-1 contains ten armadillo repeats
The deduced amino acid sequence of the gene based on the cDNA sequence shows a KAP-1 protein of 679 amino acid residues (Fig. IB) , whose secondary structure appears to be entirely in the alpha-helical configuration (Fig. ID) . The KAP-1 has no ATP or microtubule binding sites, as is found in the kinesin motor proteins. There is also a significant homology between the C. elegans KAP-1 and the sea urchin spKAP115 protein, 5 including the presence of ten armadillo motif repeats in CeKAP-1 (Fig. IB, 1C) , determined oy visual inspection, similar to the ten repeats of the same motif in the spKAPHS. It was earlier reported 5 that a high homology of the sp-KAP115 exists with the nematode protein encoded by F08F8.3 on LG III, located between genes mec-14 and lin-39 that we have named as kap-1. Since the KAP-1 shows a high homology with the spKAP115 protein, it is thus likely to form a heterotrimeric complex with the OSM-3-like kinesins such as KLP-11.
KAP-1 armadillo repeats and the signal transduc-
tion Originally identified in the Drosophila segment polarity gene product armadillo, an arm motif is a repeating amino acid motif that has been found in several proteins that have diverse functions, 14 including proteinprotein interaction. Recently, a systematic search for internal repeats in spKAPH5, has provided a surprising finding that it contains ten repeats of the arm motif, that are in mostly alpha-helical conformation. 11 We have shown (Fig. IB, 1C ) that the CeKAP-1 also contains ten tandem repeats of the arm motif. Since similar arm motif repeats have been discovered in kinesin accessory proteins, such as the mouse KAP3 and spKAP115, a direct involvement of an armadillo-repeat protein involved in microtubule-based intracellular transport has been suggested. 11 Such proteins containing the arm motif repeats are known to mediate protein-protein interaction, and control intracellular signal transduction.
14 Examples of such protein-protein interaction include the E-cadherin (transmembrane adhesion molecule) and the cytosolic tumor suppressor gene product APC (adenomatous polyposis coli), 15 ' 16 compete for the binding of the armadillo- LG III 19 Secondary structure shows that the overall structure of KAP-1 protein is alpha-helical. A C. elegans cDNA library in a lambda-ZAPII vector (kindly provided by Y. Kohara, National Institute of Genetics, Mishima), was screened using a labeled probe made from a 4.5-kb Nde l-Hindlll fragment coding sequence from the kip-11 gene located on the F20C5.2 cosmid DNA. From a screen of about 5xlO 5 plaques, one positive cDNA clone was identified and purified. The clone contains about 3.8 kb of the klp-11 cDNA insert. Similarly, for the kap-1, a 5-kb Hincll genomic fragment that included most of the coding region from the cosmid F08F8, was used as a labeled probe, to screen the C. elegans cDNA library. From about 3xlO 5 plaques, a cDNA clone corresponding to the kap-1 gene was isolated with an insert size of 2.1 kb. A set of nested deletion clones was prepared for each of the klp-11 and kap-1 cDNA using a deletion kit (Takara Co., Japan). The nucleotide sequence of the klp-11 and kap-1 cDNA clones, was determined by the dideoxy chain termination method. 20 The nested clones were PCR amplified using a cycle sequencing kit, and the PCR products were read using an automatic DNA sequencer (Pharmacia ALFexpress). The encoded sequence was compared with the protein sequences present in the databases, and the sequence homology analyzed. The cDNA sequence data of klp-11 and kap-1 have been submitted to the DDBJ, Japan. The accession numbers of klp-11 and kap-1 are AB017106 and AB017107, respectively. The total RNA was extracted from healthy wild-type worms by the method of Han et al. 22 with minor adaptation for C. elegans. PolyA + RNA was prepared from the total RNA using Oligotex-dT30 according to the kit manufacturer's instructions (Takara Biochemicals, California). Next, 10/ig of polyA+ RNA was electrophoresed on a denaturing agarose gel and was transferred to a nylon membrane. 23 For cross-linking, the membrane was irradiated by UV light for 5 min and baked at 80°C for 2 hr. The filter was then hybridized with digoxigenin-labelled probe at 65°C for 16 hr as described. 6 Here klp-11 and kap-1 cDNAs were used as templates to make labeled probes. Hybridization buffer contained 5xSSC, 2% (w/v) blocking reagent, 0.1% (w/v) N-lauroylsarcosine, 0.02% (w/v) SDS. The probed filter was washed twice with 2xSSC, 0.1% SDS for 5 min, and twice with O.lxSSC, 0.1% SDS for 10 min each. The signal was detected using the manufacturer's instructions (Boehringer Mannheim). The RNA size marker (Takara Biochemicals) was used to measure the size of the detected signal.
repeat protein beta-catenin, the vertebrate homologue of Drosophila armadillo.
14 It has been proposed that the cargo-bound receptors of spKAP115, mouse KAP3, may be related to the previously identified proteins, such as APC and E-cadherin, that are known to show interaction with armadillo-repeat proteins.
11 About 97xlO 6 -bp of the entire nematode genome 12 and a large part of its cDNA data 17 (Y. Kohara, personal communications) will shortly become available in the databases. These data will provide a framework to look for the genes encoding arm-repeat proteins, and examine their role in the microtubule-based intracellular motility.
Characterization of the nematode Kinesin-II
One of the key issues is to establish whether similar to the kinesin II in the sea urchin and mouse, the nematode OSM-3/KLP-ll/KAP-l may also exist as a het- . We have begun biochemical characterization of these protein complexes, to reveal the subunit structure of the OSM-3 multimeric complex. Second, in the vicinity of the kap-1 gene (Fig. 1A) , there are mutants defective in sensory functions. One of these mutants might possess a defect in kap-1. We are in the process of obtaining deletion knockout mutations in the klp-11 and kap-1 genes. Finally, we have begun the klp-11 gene expression studies, by performing in situ hybridizations during embryonic 17 and post-embryonic development. Our in situ data suggest that the klp-11 and osm-3 genes coexpress during early embryogenesis (data to be published elsewhere). In the current paper, we have described the isolation and characterization of two cDNA clones encoding the kip-11 and kap-1 genes and performed Northern blot analysis to show that our cloned cDNAs probably represent full length transcripts. We have analyzed the sequence of encoded proteins, and based on the sequence homology data, we propose that OSM-3, KLP-11, and KAP-1 may potentially form a heterotrimeric kinesin-IIlike complex. Thus, the presence of kinesin-II appears to be conserved across highly divergent species such as the nematodes, sea urchin and the mouse. Interestingly, the CeKAP-1 sequence harbors ten armadillo repeats that have been proposed to mediate protein-protein interactions and may regulate intracellular signal transduction. Further molecular and cellular analysis of the kip-11 and kap-1 gene promises to elucidate the role of kinesin-II-like complexes in animal development.
